BACKGROUND: Numerous types of rapid toxicity or exposure assays and platforms are providing information relevant to human hazard and exposure identification. They offer the promise of aiding decision-making in a variety of contexts including the regulatory management of chemicals, evaluation of products and environmental media, and emergency response. There is a need to consider both the scientific validity of the new methods and the values applied to a given decision using this new information to ensure that the new methods are employed in ways that enhance public health and environmental protection. In 2018, a National Academies of Sciences, Engineering, and Medicine (NASEM) workshop examined both the toxicological and societal aspects of this challenge. OBJECTIVES: Our objectives were to explore the challenges of adopting new data streams into regulatory decision-making and highlight the need to align new methods with the information and confidence needs of the decision contexts in which the data may be applied. METHODS: We go beyond the NASEM workshop to further explore the requirements of different decision contexts. We also call for the new methods to be applied in a manner consistent with the core values of public health and environmental protection. We use the case examples presented in the NASEM workshop to illustrate a range of decision contexts that have applied or could benefit from these new data streams. Organizers of the NASEM workshop came together to further evaluate the main themes from the workshop and develop a joint assessment of the critical needs for improved use of emerging toxicology tools in decision-making. We have drawn from our own experience and individual decision or research contexts as well as from the case studies and panel discussions from the workshop to inform our assessment. DISCUSSION: Many of the statutes that regulate chemicals in the environment place a high priority on the protection of public health and the environment. Moving away from the sole reliance on traditional approaches and information sources used in hazard, exposure, and risk assessment, toward the more expansive use of rapidly acquired chemical information via in vitro, in silico, and targeted testing strategies will require careful consideration of the information needed and values considerations associated with a particular decision. In this commentary, we explore the ability and feasibility of using emerging data streams, particularly those that allow for the rapid testing of a large number of chemicals across numerous biological targets, to shift the chemical testing paradigm to one in which potentially harmful chemicals are more rapidly identified, prioritized, and addressed. Such a paradigm shift could ultimately save financial and natural resources while ensuring and preserving the protection of public health. https://doi.
Introduction
From high-throughput cell-based in vitro studies, to tissues-on-achip, to genetically diverse rodent strains and environment-wide association studies, newer approaches have led to new understandings about the potential effects of chemical exposures on human health and the environment. These new approaches are faster and less expensive than traditional animal toxicity testing approaches and are becoming increasingly relevant to public health and environmental decisions. However, many questions remain about whether and how to adopt new methods and about the values and value judgments that should inform a paradigm shift toward newer approaches. An overriding question is how to build confidence in the development and use of new data streams so that they can become the basis for the wide array of research, policy, and regulatory decisions facing the environmental health field.
This challenge was the central theme of a 20-22 November 2017 NASEM workshop titled "Understanding Pathways to a Paradigm Shift in Toxicity Testing and Decision Making" (NASEM 2018) . The purpose of this meeting was to explore how scientists, policy makers, risk assessors, and regulators incorporate new science into their decisions and to raise awareness about the questions that need to be addressed in order to build confidence in the data emerging from new approaches and their use in public health protection. The conference also included lessons from the social sciences about decision-making processes and what is required to build confidence during times of change. The workshop was not focused on consensus building, but it provided a well-rounded discussion of the issues involved in using emerging data streams, including perspectives from researchers, regulators, and a variety of regulated and public interest stakeholders. A summary of the workshop is available (NASEM 2018) .
In this commentary, we further explore the issues identified in the NASEM Paradigm Shift workshop and highlight what we believe to be key ingredients needed for the expanded use of emerging techniques in decision-making. We utilize case studies from the workshop to illustrate how a range of decision contexts can benefit from the new data streams and provide an additional perspective on the need for these methods to be applied in a manner that advances the goals of public health and environmental protection.
Background
Whole animal toxicity testing has historically been the gold standard of safety or risk evaluation across a range of regulatory domains, including those for pharmaceuticals, industrial chemicals, pesticides, and environmental contaminants. For a few environmental chemicals, such as ozone, controlled human exposure studies and human epidemiologic studies have been most informative (U.S. EPA 2015b). Although these classical toxicology and epidemiology approaches have been widely used to identify chemical hazards and to provide dose-response data for risk assessments, the progress in evaluating the enormous universe of chemicals to which humans, animals, and ecosystems are exposed has been limited. In this commentary, we support the contention that the inclusion of methodologically diverse data streams could rapidly increase our knowledge base and predictive skills, improve decision-making, and enhance the ability of regulatory agencies to protect human health and the environment.
Methods
As organizers of the NASEM Paradigm Shift workshop, we saw a need for a broad and robust discussion of the issues surrounding the use of emerging toxicology information in decision-making. We evaluated the themes and technical information presented at the workshop to further define key challenges and potential solutions for making emerging data streams more useful and of higher confidence for decision-makers in a variety of public health and environmental contexts. We identified and developed three workshop themes: a) the importance of decision context, b) approaches for instilling confidence in the new methods, and c) the need to consider value judgments about the level of precaution and public health protection associated with the use of these new data in decision-making. Although the workshop was not a consensus meeting, this commentary represents a unified perspective from the authors and is not meant to represent the views of the workshop participants, full organizing committee, or NASEM.
Discussion
In the following sections, we explore several major themes from the workshop and utilize the case studies to illustrate key points regarding the importance of decision context and confidence in the methods for their successful application in making key public health decisions. This information is organized according to decision context in Table 1 , which is meant to be illustrative in that it presents a range of contexts, issues, and examples but does not represent an exhaustive list.
Decision Context
A key theme emerging from the workshop was that decision context-that is, the nature of the problem, the reason for addressing the problem, and the policy or public health impact of the decision-is crucial to the acceptance of new types of data. Literature in the history, philosophy, and sociology of science emphasizes that in order to make effective and socially responsible use of new scientific methods and tools such as those currently under consideration in the fields of toxicology, exposure science, and risk assessment, it is crucial to consider the decision context in which they will be employed, including the HTS has a key role where data gaps impair rapid decision-making, but limitations can result in potentially missed hazards; testing should ideally be done prior to entry in environment ultimate purposes for which they are going to be used (Douglas 2009; Elliott and McKaughan 2014; Fernández Pinto and Hicks 2019) . For example, in situations where the costs of false-positive (Type I) and/or false-negative (Type II) errors are relatively low, it may be justifiable to rapidly employ novel methods even if there is uncertainty about their reliability (Douglas 2009 ). In contrast, when both decision stakes and uncertainties are high, more public engagement may be needed before introducing new methods or tools (Funtowicz and Ravetz 1993) . Another aspect to consider, in addition to the cost of potentially inaccurate information, is the cost of having minimal or no information. In such a case, even newly developed but not wellvetted methods may aid decision-making. In our view, these cases may be particularly challenging but also point to the greatest needs and opportunities for using new methods and fostering their further evolution. Addressing these cases may require that multiple interested and affected parties clarify the types of information that would be of greatest use while considering the decision timeframe and anticipated human exposures. Various disciplinary perspectives are needed to answer those questions along with considering the degree of confidence needed for a particular decision (Elliott 2017; Intemann 2015; Lacey 1999) .
Another key challenge is data integration and interpretation for high-throughput chemical assessment findings because the statistical and machine learning methods for analyzing and reporting this information need optimization for use by researchers and decision-makers (Kosnik et al. 2019) .
The needs in this area are highlighted by the recent amendments to the Toxic Substances Control Act (TSCA) (U.S. EPA 2016, 2018). These amendments encourage the use of data from alternative test methods and strategies. A key aspect of the amended TSCA is developing strategic approaches to integrate emerging data into decision-making, an activity that will provide examples we believe can help the risk assessment community at large understand the utility of these methods for not only chemicals management policy but for a range of applications. In summary, we find that when designing and implementing new methods for determining hazard, exposure, and risk for chemicals in the environment, the decision context, and the values inherent in that context (e.g., improved protection of health and the environment), must be considered early in the process to ensure maximum utility for decision-making.
Values in Decision-Making
The manner in which the new data are applied will be embedded with values associated with the level of precaution and health protection desired or required. Making these value judgments transparent and consistent with existing policy will increase confidence that their introduction will not shift decision-making toward less protection. For example, when prioritizing chemicals for further study for a particular biological outcome (Case Study 1 below), positive results (i.e., results that indicate potential harm) in relevant bioassays could be used to identify chemicals of concern, whereas negative results (i.e., results that indicate a lack of potential harm) are not sufficient to conclude a lack of concern given the limitations of current in vitro methods to simulate in vivo metabolism or predict effects in different tissues and across different life stages. If the goal of the decision is to evaluate the quality of environmental media (Case Study 2 below), screening for bioactivity in a wide range of assays may be useful to show, in a nontargeted fashion, contamination that would be of value to mitigate even though the public health implications may not be clear. If the goal of the decision is to identify greener/safer alternatives (Case Study 3), a range of forecasting tools (structural information, exposure modeling, high-throughput toxicology testing) could be used along with traditional toxicology results to ensure that one chemical of concern is not replaced with another harmful chemical. If the goal of the decision is to inform emergency response for novel chemicals released into the environment (Case Study 4), rapidly deployed computational and in vitro screening, and short-term targeted testing in vertebrate and invertebrate systems could inform hazard-based decision-making.
In each of these decision contexts, we find that a key underlying value is to increase the information available and the use of this information in a public health protective manner even if the new information cannot at this point be converted into a quantitative prediction of population health risk. The current system of environmental chemical evaluations has been criticized as favoring the protection of chemicals over people (Krimsky 2017) due, in part, to the slow pace at which existing chemicals have been evaluated and the dearth of information collected about new industrial chemicals that enter into the market. This landscape can potentially be reshaped by the large amounts of data that can be generated on chemicals by helping to fill data gaps and eliminate the inherent default of no data equals no risk (NRC 2009).
We consider it essential that decision-makers apply new tools in ways that serve a protective role. Toward this end, tools should be designed to be robust screens that minimize false negatives (Type II errors) while permitting higher levels of false positives (Type I errors) in order to buffer against harms caused by toxic chemicals in the environment, potentially for long periods of time (Cranor 2017) . The application of emerging tools that do not yet cover all relevant aspects of biology could result in the undesirable outcome of concluding that a chemical poses a low or no hazard when, in fact, it poses a potentially significant hazard that is not captured by the assays (false negative). For example, recent evaluations have noted that the existing platforms in ToxCast™ do not cover all the key characteristics of carcinogens, potentially missing chemicals that may have the potential to cause cancer through other pathways (Iyer et al. 2019; Guyton et al. 2018 ). Thus, the potential for false negatives must be carefully considered because such outcomes could have far-ranging and longlasting adverse impacts.
The use of new technologies in decision-making must also be protected from perpetuating or amplifying existing health disparities. Extensive literature documents the disproportionate health and environmental hazards faced by many communities of color, low-income communities, and Indigenous communities (Bullard 2000; Burwell-Naney et al. 2013; Lee and Mohai 2012; American Lung Association 2001; Davis et al. 2016; Seabury et al. 2017; Zota and Shamasunder 2017) . Disproportionate exposures to toxic chemicals coupled with exposures to social hazards (e.g., poverty) can result in an amplification of harm faced by these communities (Gee and Payne-Sturges 2004) . When emerging tools provide false-negative results, or slow down the process by which chemicals are evaluated (i.e., simply serving as an additional step rather than making chemical evaluation more efficient), the added burden of exposure and hazard may be disproportionately experienced by Environmental Justice communities.
In summary, we point out that the manner in which toxicology data, in general, and emerging new data streams, in particular, are evaluated and applied have embedded values regarding the level of public health protection. These values should be made transparent and consistent with the goals of improving public health and environmental protection through more rapid and efficient chemical screening, decreasing data gaps, and ensuring that the potential for false-negative outcomes is minimized to the extent possible.
Instilling Confidence in New Methods
There are many steps in the development of novel methods and in instilling confidence in their applicability and reliability. These steps begin with recognizing a need for change, either because the existing methods are deficient or new technologies present opportunities, such as efficiency, reduced cost, or improved decision-making ability. The next step involves a scoping exercise, where the applications and decision contexts are considered and the research effort is focused on a fit-for-purpose level of evaluation (i.e., the data generated by the method fits the needs of the particular decision context and value structure under which it will be used). Scoping should be followed by technical aspects of method development and validation/evaluation through which predictivity, reliability, and responsiveness to the range of human variability can be assessed. The utility and applicability of these methods must then be considered relative to the goals and values of method development. Widespread adoption will require both matching the available data to the data needed for decisionmaking and making sure that the large amounts of data that can be rapidly generated across a range of different bioassay systems can be distilled and interpreted for the needed context. This step, data integration and interpretation, should follow agreed-upon protocols so that the process is transparent to decision-makers as well as to the general public. Developing clear links between in vitro assays and in vivo end points in terms of showing the reliability and predictive capability of the new methods will increase confidence but may be a data integration and interpretation challenge given that many in vitro assays target elements of networks that support multiple biological outcomes. However, as illustrated in the case studies, the need for in vitro assays to be linked to particular health outcomes varies across decision contexts and so the level of data synthesis and interpretation that is needed will also vary.
In summary, increased transparency in the new methods, data collection, and analysis through agreed-upon protocols and the development of peer review publications, as well as ample opportunities for meaningful multi-directional risk communication, are critical aspects of confidence building.
Case Examples
Four case studies were considered at the NASEM Paradigm Shift meeting (NASEM 2018) to highlight the information and confidence needs for emerging data across a range of decision contexts. These case studies are used in this commentary to illustrate the useful application of emerging methods and to further explore how their design and development could be aligned with the needs of specific decision contexts and with the overall goal of improved health protection.
In Vitro Battery for Screening Estrogenicity of Potentially Endocrine Active Chemicals
The U.S. EPA Endocrine Disruptor Screening Program (EDSP) was established in response to section 408(p) of the Federal Food, Drug, and Cosmetics Act [21 U.S.C. 346a(p)(1)] and section 1457 of the Safe Drinking Water Act (42 U.S.C. 300j-17) to develop a screening program to identify chemicals that could interfere with the endocrine system. Based upon recommendations of the Endocrine Disruptor Screening and Testing Advisory Committee (EDSTAC) and the U.S. EPA Administrator, the agency created a two-tier process for screening the approximately 10,000 chemicals that have widespread exposure in the environment with potential estrogenic, androgenic, and/or thyroid disrupting activity.
Beginning in 2011, the U.S. EPA EDSP began a multiyear process to integrate the use of new methods for the prioritization and screening of chemicals with potential endocrine activity (U.S. EPA 2015a). This process involved a pivot away from a framework that relied on the use of low-to-medium-throughput assays toward a framework that incorporated batteries of highthroughput in vitro assays to screen chemicals for endocrine activity.
As one of the first steps in the pivot, the agency compiled a battery of in vitro assays and developed a mechanistic interpretation of the battery's results to replace three existing tests-an in vitro estrogen receptor (ER) binding assay, an in vitro ER transactivation assay, and an in vivo uterotrophic assay-for screening estrogenic potential of EDSP-relevant chemicals (Browne et al. 2015) . This pathway-based approach required an extensive literature review to identify reference chemicals, testing the predictive validity of approaches, and gathering peer review and public comment. The effort required strategic collaboration and cooperation with and among the regulated community, regulators, and stakeholders, and ultimately resulted in the acceptance of the ER battery as a replacement under EDSP. Efforts are currently underway for the adoption of similar approaches for androgen activity, thyroid pathways, and steroidogenesis (Erickson 2018) .
For this particular decision context (i.e., the hazard determination for a specific end point), the adoption of new tools benefitted from an existing gold standard of ER screening assays and a learning set of chemicals tested in those assays whose results could be compared with results from high-throughput assays. Further advantage was taken of the relatively well-understood pathway for genomic ER-mediated gene transcription and its resulting effects.
We find this case example points out two factors that can help build confidence in emerging methods: a) the existence of an extensive comparison data set of in vivo results, and b) the ability to construct a battery of high-throughput assays patterned upon a mechanism-based adverse outcome pathway (AOP). These factors created a high level of confidence in the ability of the new methods to screen for estrogenic activity with increased efficiency.
The benefit to public health conferred by the application of these tools remains undetermined until there is a body of decisions based upon the new high-throughput estrogen screen. The potential exists for these tools to aid in the rapid identification and regulation of endocrine disrupting chemicals, and the methods have the capability to generate estimates of sensitivity and specificity that could build confidence in the tools. However, the extent by which their use may enhance health protection will require future evaluation.
In Vitro Screens to Assess Water Quality
Chemicals in sewage effluent, surface water, and drinking water can be extremely complex mixtures of regulated and unregulated substances. Increasing public awareness of water-related issues, particularly for emerging substances such as per-and polyfluoroalkyl substances (PFASs), heighten the need for assessing and cleaning water sources. Complex chemical mixtures such as those that can be found in water highlight the utility of expanding beyond one-chemical-at-a-time evaluations to those that incorporate larger universes of chemical constituents (Cizmas et al. 2015) . The ability to assess mixtures across a wide range of relevant end points, as well as the ability to evaluate the effectiveness of different treatment strategies for water purification, make water quality assessment a potentially rich application of emerging technologies for the protection of public health.
For a decision context that involves determining the relative quality of various water sources or the quality of remediation technologies, testing has shown water quality improvements when comparing wastewater treatment effluent to the receiving river water and to treated drinking water. Bioassay-based approaches have also been used to assess the residual toxicity associated with drinking water contaminant destruction technologies such as advanced oxidation (Escher et al. 2013 ). This approach is most useful when there is some water quality reference point (e.g., a pristine source of water) against which other samples can be judged. These tools may also help in building consumer confidence in the industrial and domestic uses of reclaimed/recycled water (Leusch et al. 2014) .
This case example illustrates that even when there is limited understanding of the in vivo relevance of high-throughput testing, such testing can be a useful aid to decisions regarding best available control technologies and the acceptability of media quality relative to some agreed-upon reference material (e.g., a pristine water source). However, the presence of biological activity in a water sample as an indicator of water quality impairment may be difficult to apply because there are no standards or regulatory criteria for such impairment to date. Even with these limitations, we believe that these emerging tools can assist in remediationrelated decision-making (e.g., filtration technologies utilized by water utilities, analysis of effluent from releasing facilities).
Evaluation of Alternatives for Consumer Products
The State of California is engaged in an effort to drive the development of safer consumer products (DTSC 2013). The California Safer Consumer Products Program selects combinations of products and chemicals that have the potential for exposure and hazard and requires manufacturers to systematically evaluate functional alternatives. The DTSC Candidate Chemical list contains approximately 2,500 chemicals and several large chemical classes (CalSAFER 2019) . Chemicals under evaluation in certain product categories include several organohalogen flame retardants, methylene diisocyanate, methylene chloride, PFASs, N-methyl-2-pyrrolidone, and alkylphenol polyethoxylates (Solomon et al. 2018) .
A key decision context is whether safer alternatives can be found for chemicals of concern. Although no alternatives analyses have yet been completed, DTSC expects to receive extensive evidence from new data streams for emerging chemicals under consideration as potential functional alternatives (Smith et al. 2019; Malloy et al. 2017) . For example, prediction of physicochemical properties, quantitative structure-activity relationship (QSAR) models, in vitro data, and data from nonmammalian systems (e.g., Zebrafish) could prove useful in screening alternatives to identify those that are predicted to have the least hazard and/or exposure potential.
We find this case example illustrates the principle that decision contexts that require rapid screening of many chemical alternatives with a highly variable amount of toxicology information are an especially promising area for near-term use of newer methods. In such a context, any evidence of potential hazard could be included in a decision matrix that includes qualitative factors such as level of confidence in a particular effect and comparability of testing across candidate chemicals. Although these approaches hold the promise of protecting public health and the environment by identifying safer alternatives, we caution that lack of evidence of hazard does not necessarily mean the preferred alternative is completely safe but, rather, that it does not show evidence of known hazard potential.
Environmental and Health Emergencies
Understanding the health and environmental risks posed by datapoor chemicals released into the environment is an important decision context into which emerging data streams may play a significant role. Such methods were used by the U.S. EPA to rapidly screen multiple dispersant chemicals for potential aquatic toxicity and endocrine disruption potential during the 2010 Deepwater Horizon oil spill in the Gulf of Mexico (Judson et al. 2010) . They were also used in the rapid response to the 2014 chemical spill into the Elk River in West Virginia (NTP 2019). In both situations, chemicals with limited toxicity information needed to be evaluated rapidly (in days or weeks) and emerging methods were employed to evaluate the potential impacts to humans, animals, and ecosystems.
In the Deepwater Horizon example, in vitro high-throughput assays were used to evaluate eight commercial dispersants that were considered for use in the massive oil spill cleanup activities (Judson et al. 2010) . Evaluation focused on estrogenic and androgenic activity, other biological pathways, and mammalian cell cytotoxicity. The information generated was used to help select a specific dispersant that was used on the spill, Corexit ® 9500. In the years since the Deepwater Horizon disaster, studies have identified potential human health and ecosystem impacts associated with the use of dispersants (Alexander et al. 2018; DeLeo et al. 2016; McGowan et al. 2017; Ramesh et al. 2018; Zhang et al. 2013) , illustrating the complexities and trade-offs decisionmakers face when dealing with unknowns in emergency situations, and where reliance on some rather than no toxicity information may still fall short in the protection of public health and the environment.
In the example of the 2014 contamination of the Elk River with a mixture of chemicals used to clean coal, primarily 4-methylcyclohexanemethanol (MCHM), health authorities urgently required information in order to advise the nearly 300,000 residents of the Charleston, West Virginia, area about the safety of their drinking water. At the time of the spill, West Virginia American Water issued a do-not-drink order due to a lack of information about the chemical. The Centers for Disease Control and Prevention (CDC) initially identified a screening level value of 1 ppm based on information available at the time.
In the months following the spill, the CDC nominated MCHM and the other chemicals involved in the Elk River contamination event for further investigation by the National Toxicology Program (NTP 2014). Over the following year, the NTP performed a range of studies that evaluated the potential impacts of MCHM and other chemicals on development and growth, skin irritation and hypersensitivity, behavior, DNA mutation and genetic damage, and molecular effects on biological processes. Studies involved in vivo and in vitro experiments, including transcriptomic studies in rats and developmental studies in Caenorhabditis elegans and Zebrafish. Based upon their test results, the NTP concluded that the data supported the adequacy of the drinking-water screening level recommended by the CDC at the time of the spill (NTP 2016).
In this example, the follow-up tests performed by the NTP demonstrate that new tools could help support decisions about chemicals in the environment. Although the NTP studies were helpful in retrospectively evaluating a decision, emergency situations may require much more rapid evaluation of potential health and environmental impacts. In such circumstances, we emphasize that it is critically important to interpret information from rapid assessments in ways that place high value on health protection and err on the side of precaution. A far better solution would be to conduct testing prior to commercial use or storage of a chemical to ensure that the information is complete and immediately available in the event of an environmental release. This case example highlights the potential to develop health and environmental fate/exposure data to make rapid predictions of chemical effects upon release into the environment during an emergency.
Conclusions
The ability to readily assess the hazard, exposure, and risk associated with chemicals is a pressing need for decision-makers across a wide range of decision contexts. The utility of the information generated by new tools for the range of decision contexts and levels of health protection being targeted is a critical consideration in the evolution of these methods. Although the beginnings of a paradigm shift may be slow and incremental, increased understanding of the ways in which the application of new tools could increase-or potentially decrease-human health and environmental protections can assist decision-makers in calibrating the speed of incorporating new methodologies and data streams.
We find that the variety of assays that can be conducted and the large amounts of data becoming available necessitates a strategic approach that focuses on the needs of a particular scenario or decision context when designing, synthesizing, and communicating the results of these emerging techniques. The values embedded in their application need to be transparent and consistent with the underlying goals of public health and environmental protection.
As illustrated by the four case studies, the manner in which the data can be of use to decision-makers can vary widely, and new applications will likely present themselves over time. Although these cases demonstrate how new methods can assist decision-making, we point out that they also provide cautionary tales and illustrate the need for researchers, various stakeholders, and decision-makers to agree on the data needed to build confidence in using new methods for specific purposes. Confidencebuilding measures can include the measurement of performance against gold standard assays, especially with respect to limiting the number of false negatives; the availability of prototype chemicals for read-across approaches; and the linkage of high-throughput assays to AOPs. As these evidence streams develop further, they have the potential to play an increasing role in screening for hazardous properties, prioritizing chemicals for further testing, identifying safer alternatives, assessing environmental media, improving emergency response, and, overall, providing greater protection of public health and the environment.
